Caulobacter crescentus undergoes a simple cellular differentiation within each cell cycle (reviewed in references 7 and 19). Cell division gives rise to two distinct cell types, a motile swarmer cell and a sessile stalked cell (Fig. 1) . The biogenesis of a single flagellum at the swarmer pole of the predivisional cell is the best-understood process that occurs during the course of this asymmetric cell division. The genes encoding the flagellum are expressed under cell cycle control in the predivisional cell. Following their expression, the components of the flagellum are targeted to the swarmer pole of the predivisional cell, where assembly occurs.
Flagellar biogenesis requires the temporal transcription of nearly 50 genes (17) , and as in other bacteria (30, 31, 33, 34, 37, 39) , expression is regulated by a trans-acting hierarchy (8-10, 25, 52, 71, 72) (Fig. 1) . The order of expression of genes within this hierarchy mirrors their order of assembly into the flagellar structure (8, 9, 25) . The expression of genes encoding early flagellar components is required for the subsequent expression of genes encoding structures that are assembled later (52, 72) . In stalked cells, an early cell cycle cue, possibly the initiation of DNA replication (14, 62) , triggers the expression of an unknown transcriptional regulatory molecule. The gene encoding this hypothetical master regulator has yet to be identified and would occupy class I of the flagellar trans-acting hierarchy. The expression of the class I gene product(s) activates the transcription of early class II flagellar genes. Class II genes encode early flagellar structural components such as the MS ring and switch proteins (58) , proteins required for flagellum assembly (28, (57) (58) (59) , and transcription factors (3, 4, 6, 48, 70) (Fig. 1 ).
Many early flagellar gene products in enteric bacteria and C. crescentus have amino acid sequence similarity with a set of conserved virulence proteins from both plant and animal pathogens (40, 47, 57, 59, 67, 73) . In pathogens, these proteins function to secrete surface antigens and other virulence-related factors out of the bacterial cell (24, 26, 43, 44, 63, 66) . The flagellar homologs are considered to function analogously to a flagellum-specific protein export system.
One of the most remarkable aspects of flagellar biogenesis in C. crescentus is the coordinated cell cycle transcription of flagellar promoters. At least two different promoter types regulate the temporal expression of early flagellar genes. Several of the early class II gene promoters, including the fliF, fliLM, and fliQR operon promoters, share conserved regulatory sequences (14, 62, 65, 72, 73) . Site-directed mutagenesis has revealed an unusual promoter organization (62, 65, 73) , prompting the hypothesis that early flagellar gene transcription is regulated by RNA polymerase containing an alternative sigma factor. The early flagellar gene, flhA (formerly flbF), is apparently transcribed from a different promoter sequence that possesses similarity to the 28 recognition sequence of enteric bacteria (59) . Interestingly, the temporally expressed chemotaxis genes in C. crescentus also utilize a 28 promoter (1) .
The genes encoding later flagellar structures such as the basal body rods and outer rings and the hook and filament are transcribed following the expression and assembly of early flagellar gene products (8-10, 13, 22, 54) (Fig. 1) . The promoters of these genes contain a consensus sequence for RNA polymerase containing the 54 subunit (46, 49, 51) and a binding site for integration host factor (19, 20) . The basal body genes promoters contain a conserved enhancer known as RE-1 (formerly RF-3) (13, 32, 42) , whereas the promoters of flagellar genes encoding the external structures contain the ftr enhancer (46, 49, 50) . Epistasis experiments with mutant strains containing Tn5 insertions in class II flagellar genes have demonstrated that the entire set of these early genes is required for the transcription of most class III and IV genes (52, 71) . In the absence of class II gene products, transcription is negatively regulated by a locus called bfa (41) . Cells containing a mutation in bfa are capable of transcribing many class III and IV flagellar genes in class II mutant strains, indicating that negative regulation of transcription is accomplished through a common mechanism (41) .
In C. crescentus, several early flagellar genes are also required for normal cell division. Strains with mutations in fliQR and fliLM, two flagellar class II genes (14, 72) , and rpoN, the gene encoding the 54 subunit of RNA polymerase (6) , exhibit an aberrant growth phenotype in which the normal timing of cell division is delayed. One consequence of this delay in cell division is the appearance of abnormally long and filamentous cells in class II flagellar mutants (14, 72) . This effect is not observed in cells containing mutations in late flagellar genes, indicating that early flagellum assembly is specifically required for the normal coupling of cell growth to division.
To understand the role of early flagellum assembly in the regulation of transcription and cell division, we have characterized a new class II flagellar locus of C. crescentus. Tn5 insertions in this region result in a severe cell division defect. The upstream gene of this locus, orfX, has sequence similarity to the motility-and virulence-related mopB gene of Erwinia carotovora. The deduced amino acid sequence of the downstream gene is homologous to the sequence of the product of the fliP gene of Escherichia coli and to the sequences of virulence proteins from Xanthomonas, Salmonella, and Shigella species. The start site of transcription of orfX-fliP was determined and revealed an adjacent promoter to the sequences that shares some features with other early flagellar gene promoters but does not contain the conserved consensus sequence found upstream of the fliQR, fliLM, and fliF operons. As is the case with other class II genes, the fliP operon is expressed in the early portion of the predivisional cell. Although transcription occurs in both poles of the predivisional cell, a FliP::LacZ fusion protein is found in greater abundance in the progeny swarmer cells, indicating that FliP is preferentially targeted to the swarmer pole of the predivisional cell.
(A preliminary report of this work has been reported previously [27] .)
MATERIALS AND METHODS
Bacterial strains, growth media, and plasmid constructions. The bacterial strains and plasmids used in this study are described in Table 1 . C. crescentus cells were grown at 31ЊC in either peptone-yeast extract medium (55) or minimal M2 medium containing glucose (29) . Complementation tests using fragments of cosmid library DNA were performed by subcloning into wide-host-range plasmid pRK290/20R. Transcription fusions to a promoterless E. coli lacZ gene were constructed in low-copy-number plasmid placZ/290 (21) . A protein fusion between FliP and LacZ was constructed in integration plasmid pJBZ280 (1) (see Results for details). Complementing plasmid subclones and reporter fusions were introduced into Caulobacter cells by mating with E. coli donor strain S17-1 (61) . ␤-Galactosidase assays were performed as described previously (20, 45) . All routine molecular biology techniques were performed as described by Ausubel et al. (2) . Site-directed mutagenesis was performed as described by Kunkel and FIG. 1. The C. crescentus cell cycle and flagellar hierarchy. The motile swarmer cell shown at the far left possesses a single polar flagellum and is unable to initiate DNA replication. In response to an unknown internal cue, this cell type eventually sheds its flagellum, synthesizes a stalk, and begins DNA replication. The flagellar regulatory cascade is initiated by a cell cycle cue that triggers the expression of early class II genes (reviewed in references 7 and 19). Several of the class II genes, including the fliQR, fliLM, and fliF operons, have a conserved promoter sequence ( R ) (62, 65, 72, 73) and require DNA replication for transcription (14, 62) . Expression of class II genes is required for the subsequent expression of class III genes, which encode components of the basal body and the flagellar hook (52, 71) . The expression and assembly of these gene products are required for the expression of class IV flagellar genes, which encode flagellins. All of the currently identified class III and IV genes possess 54 promoters (13, 46) and require the transcription factor FlbD for expression. FlbD binds to and directly activates the expression of the hook complex genes and two different flagellin genes (3, 4, 48, 70) . FlbD is required for the expression of basal body rod and external ring genes (13) but does not bind directly to their promoters (42) . Eventually, after most of the flagellum is assembled, the predivisional cell divides, generating two distinct cell types: a motile swarmer cell and a nonmotile stalked cell. Roberts (36) . Pulsed-field gel electrophoresis was performed as described previously (16, 41) . Cloning of fliP DNA by inverse PCR. An inverse PCR (53) was used to clone Caulobacter genomic DNA that lies adjacent to the Tn5 insertion in strain SC1048. Genomic DNA from SC1048 was isolated by CsCl gradient centrifugation (2) . Approximately 0.5 g of DNA was digested with restriction endonuclease KspI, which digests Caulobacter genomic DNA relatively frequently and also 455 and 491 bp from the two ends of Tn5. The digested DNA was diluted to a concentration of 0.25 g/ml to promote intramolecular ligation and then incubated with DNA ligase for 12 h at 14ЊC. Salts were removed from the DNA preparation by passage through a gel filtration column (Sephadex G-50). The ligated DNA was then subjected to a PCR using primers that were complementary to either strand of the IS50 ends of Tn5. The amplified DNA fragment was subcloned into Bluescript SK and sequenced.
DNA sequencing. The smallest DNA fragment that complemented Tn5 insertions in fliP (1.8-kb BamHI-HindIII) (see Fig. 3 ) was sequenced by using the dideoxy termination method (60) with Sequenase T7 DNA polymerase. A set of nested deletions was prepared by using the exonuclease III-mung bean nuclease deletion technique on DNA fragments contained in Bluescript vectors (2) . The deletions were completely sequenced on both DNA strands. The sequence data were analyzed with the Genetics Computer Group software package (12) .
Mapping the 5 end of orfX-fliP mRNA. The 5Ј end of the orfX-fliP mRNA was mapped by an S1 nuclease protection assay (5) . RNA was obtained from cultures grown in M2 medium to an optical density at 660 nm of 0.5. Cells were pelleted and resuspended in 20 mM sodium acetate with 1 mM EDTA (pH 5.4); 10% sodium dodecyl sulfate (SDS) was added to make the solution 0.4%, and then an equal volume of phenol equilibrated with 20 mM sodium acetate and 1 mM EDTA (pH 5.4) was added. The extraction mixture was incubated at 65ЊC for 10 min. This extraction was repeated twice. The final aqueous phase was twice ethanol precipitated, washed with 70% ethanol, vacuum dried, and then resuspended in water.
A 332-bp HindIII-AflII fragment was end labeled at the AflII site with [␥-
32 P]ATP and polynucleotide kinase. The labeled probe was gel purified and hybridized (5.0 ϫ 10 4 cpm) to total RNA (20 to 60 g) at 45ЊC for 18 h. Following digestion with S1 nuclease, the protected fragment was phenol extracted, ethanol precipitated, and electrophoresed on a denaturing acrylamide sequencing gel. The mobility of the protected band was compared with the mobilities of the products of a dideoxy sequencing reaction that used a singlestranded DNA M13 template and a primer that precisely matched the sequence of the 5Ј labeled end of the S1 nuclease probe.
Assay of temporal expression and FliP localization. The temporal expression of orfX-fliP was determined by assaying the cell cycle expression of orfX-fliP-lacZ transcriptional reporter fusion (pMJZ0.6). Cells containing this fusion were grown to late log phase in M2 medium and were then synchronized by centrifugation through colloidal silica Ludox LS (DuPont Chemical, Wilmington, Del.) as described by Evinger and Agabian (17) . The isolated swarmer cells were suspended in fresh M2 medium and incubated with shaking at 31ЊC. At various time points, a portion of the culture was removed and incubated at 31ЊC with 3 Ci of 35 S-Trans-Label (ICN, Irvine, Calif.) per ml for 10 min. The label was chased, and following extraction, the labeled protein was immunoprecipitated with an anti-␤-galactosidase antibody as described previously (23) . Immunoprecipitated protein was subjected to SDS-polyacrylamide electrophoresis (PAGE). Following electrophoresis, the labeled protein was visualized by fluorography.
To determine whether FliP was localized to a specific cell type following cell division, an immunoblot was performed on a strain that carried a FliP::LacZ protein fusion. After the cells in a synchronized population had divided, the progeny swarmer and stalked cells were separated from each other by centrifugation though Ludox LS. The swarmer and stalked cell fractions were suspended in SDS-PAGE sample buffer and following electrophoresis were subjected to immunoblotting (64) with an anti-␤-galactosidase antibody. Equal quantities of total cellular material from all samples, as determined by optical density at 660 nm, were loaded on the gel.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to GenBank and assigned accession number U20387.
RESULTS
Characterization of the orfX-fliP locus. Several nonmotile, independent Tn5 insertions map to the region of the genome containing the orfX-fliP locus. The Tn5 insertions in each of these strains, SC1048, SC1126, SC3091, and UC2021, are located in the same restriction fragments (15, 16, 56) as the fliQR class II flagellar operon, as determined by pulsed-field gel electrophoresis ( Fig. 2A) . Cosmids that complemented the motility defect of an fliQR deletion strain (SC508) failed to restore motility in any of these Tn5-containing strains, indicating that these insertions were not located within fliQR (data not shown). When viewed under light microscopy, three of these strains, SC1048, SC3091, and UC2021, possessed a striking cell division defect (Fig. 3) . Cultures of these strains contained an abundance of long filamentous cells, indicating a defect in the timing between cell growth and the formation of the cell division constriction at the midcell site (Fig. 3B) . Note that C. crescentus cells do not form a conventional septum but rather constrict at the middle of the predivisional cell. Eventually, this constriction pinches off, forming two cellular compartments. The cell division defect seen in these strains is characteristic of class II flagellar mutants. For example, cell division defects have been reported in strains with class II mutations in fliQR and fliLM (14, 71, 72) . Interestingly, cultures of strain SC1126 contained cells with a normal cellular morphology (not shown).
Epistasis experiments were performed to determine whether these strains contained Tn5 insertions in a class II flagellar gene ( Table 2 ). The expression of a class III (flgF; proximal rod of the basal body) and a class IV (fljL; 27.5-kDa flagellin) flagellar promoter was tested in nonmotile mutant strains SC1048, UC2021, SC3091, and SC1126. Expression was assayed by measuring ␤-galactosidase activity generated from either an flgF-lacZ or fljL-lacZ transcription reporter fusion in placZ/290 that had been introduced into each mutant strain by conjugation. The flgF-lacZ fusion generated 1,506 U of ␤-galactosidase activity in wild-type strain NA1000 (Table 2 ). In contrast, expression of the flgF promoter fusion was almost completely abolished when the fusion was introduced into strains SC1048, UC2021, and SC3091, indicating that the gene disrupted by each of these Tn5 insertions is required for flgF promoter expression. The Tn5 insertion in strain SC1126 resulted in an approximately 50% decrease in flgF-lacZ expression but did not affect expression as severely as the other three Tn5 mutants (Table 2) . A similar result was obtained with fljL-lacZ, a class IV flagellar gene promoter fusion. The fljLlacZ fusion was not expressed in strains SC1048, UC2021, and SC3091 but was expressed in strain SC1126 (Table 2) . Given these results, it is likely that SC1048, UC2021, and SC3091 contain Tn5 insertions that disrupt a class II flagellar gene. Strain SC1126 is likely to contain a mutation in either a class III or class IV flagellar gene, since it did not completely abolish the expression of either flgF or fljL.
Cloning and sequencing of the fliP operon. A cosmid (J13) that complemented the motility defect in all four of these Tn5 insertion strains was isolated. To facilitate identification of the DNA containing the wild-type class II flagellar gene, we cloned genomic DNA that lay adjacent to the Tn5 insertion in strain SC1048 by using the inverse PCR technique (53) . This strategy utilizes primers that are complementary to the IS50 sequences within the Tn5 to amplify adjacent genomic DNA. Inverse PCR has been used successfully in C. crescentus to map the location of a Tn5 insertion in the rpoN gene (6) . Briefly, genomic DNA containing the Tn5 insertion is digested with a restriction enzyme that cuts both genomic DNA relatively frequently and within Tn5 DNA as closely as possible to the IS50 elements. For organisms with high GϩC DNA content such as C. crescentus, both PstI and KspI (SacII) are suitable enzymes. In this case, we succeeded by using a KspI digestion. Following digestion, the DNA is diluted and ligated (see Materials and Methods for details). Dilution of the DNA promotes the formation of a circle through intramolecular ligation. A PCR is performed on the ligation mixture by using primers that are complementary to opposite strands of the IS50 elements. The PCR amplifies the DNA contained within the ligated circle, including adjacent genomic DNA. Using this technique, we isolated an approximately 230-bp genomic DNA fragment con- (28) depicting the approximate locations of Tn5 insertions in strains SC1048, UC2021, SC3091, and SC1126. The map locations of insertions in strains SC1048, SC1126, and SC3091 were determined by Bert Ely. The UC2021 Tn5 insertion was mapped by hybridizing a blot of a pulsed-field gel to the neo gene of Tn5 (data not shown). All four Tn5 insertions mapped to the same approximate region of the chromosome. Their locations relative to those of other flagellar genes are shown. Map locations and physical restriction map data are from the laboratory of Bert Ely (see references 15 and 16). (B) Cloning of the orfX-fliP locus. Two separate strategies were used to isolate DNA from the fliP locus. First, a cosmid (J13) that could restore motility to strains SC1048, UC2021, SC3091, and SC1126 was identified. Cosmid J13 contains an approximately 25-kb insert of C. crescentus DNA. To identify the fliP gene within this insert, an inverse PCR was used (53) . This technique permits the rapid cloning of unknown DNA adjacent to known DNA sequences such as Tn5. In this case, the primers used were homologous to DNA within the IS50 element of Tn5. A 230-bp DNA fragment adjacent to the Tn5 insertion in SC1048 was isolated (depicted as arrows over the restriction maps). The fragment that contained the KspI (K) site in fliP was used to probe restriction digests of cosmid J13 DNA. The hybridizing fragments were subcloned into broad-host-range plasmid pRK290/20R and tested for the ability to complement the motility defect in the Tn5 mutants. Complementation assays were performed in recombination-deficient derivatives of the Tn5 insertion strains to ensure that the entire gene was contained on the complementing fragment. A ϩ indicates that the fragment could restore motility in a mutant strain. The three insertions that resulted in a class II phenotype (see Table 2 ) were all complemented by a 1.8-kb HindIII (H)-BamHI (B) fragment in pMJ1.8. The motility defect in SC1126, the strain that does not have a class II phenotype, was complemented by a different DNA fragment contained on pMJ2.4. These data indicate that there are at least two distinct genes in this region of the C. crescentus chromosome. Fig. 2B . The PCR fragment was used as a probe to identify larger homologous restriction fragments in cosmid J13 by hybridization. The KspI probe hybridized to a 1.8-kb BamHI-HindIII fragment in cosmid J13 (not shown). DNA fragments that overlapped and were adjacent to this fragment were subcloned into plasmid pRK290/20R and conjugated into each of the mutant strains to test for complementation of the nonmotile phenotype as assayed by light microscopy (Fig. 2B) . A 4.2-kb BamHI fragment contained on subclone pMJ4.2B could restore the motility defect in all four Tn5 insertion strains. Further subcloning demonstrated that distinct fragments complementing the mutation in SC1126 could be separated from those complementing the class II mutations in SC1048, UC2021, and SC3091. A 2.4-kb BamHI-HindIII fragment on pMJ2.4 could complement strain SC1126, and a 1.8-kb HindIII-BamHI fragment on pMJ1.8 could complement all three of the class II flagellar mutations (Fig. 2B) . This clone could also complement the cell division defect on strain SC1048 (Fig.  3C) . The pMJ1.8 subclone was further analyzed by DNA sequencing.
A set of nested deletions of the 1.8-kb HindIII-BamHI fragment was prepared, and the DNA was completely sequenced on both strands. Sequence analysis revealed the presence of two potential open reading frames (Fig. 4) . The first, called orfX, was located 190 to 507 bp from the HindIII site and is predicted to encode a 105-amino-acid protein of approximately 11.3 kDa. The second open reading frame is located 510 to 1,308 bp from the 5Ј HindIII site and is predicted to encode a 264-amino-acid-protein of approximately 28.5 kDa. The location of the Tn5 insertion in strain SC1048, as determined by sequencing the inverse PCR product, is indicated by an arrowhead at nucleotide 1271 in Fig. 4 . Complementation tests using subclones of pMJ1.8 revealed that SC3091 also contained a Tn5 insertion in fliP and that orfX was disrupted in strain UC2021 (data not shown). Therefore, both open reading frames are required for motility in C. crescentus.
A search of the GenBank database by using the BLAST program showed that orfX would encode a protein that was most similar to MopB of Erwinia carotovora, with 27% identity over its entire length (Fig. 5A) . mopB is homologous to the fliO flagellar gene of enteric bacteria (40) and exists within a gene cluster that is required for motility in Erwinia carotovora (47) .
Interestingly, an open reading frame (orf-1) that lies adjacent to the flagellar fliQR operon of C. crescentus also is predicted to encode a protein with 27% amino acid sequence identity to MopB (73) but only 6% identity with OrfX (Fig. 5A) . The protein predicted to be encoded by the second, downstream open reading frame was highly similar to the FliP proteins of both E. coli (Fig. 5B) (40) and Bacillus subtilis (not shown). The C. crescentus FliP homolog was 45% identical and 68% similar to the E. coli FliP protein (Fig. 5B) . The E. coli FliP amino acid sequence has been shown to possess significant similarity to a conserved virulence-associated protein from both plant and animal pathogens (40) . The predicted amino acid sequence of the C. crescentus fliP homolog is similar in this regard. C. crescentus FliP is 40% identical to Orf2 from the plant pathogen Xanthomonas campestris (Fig. 5B) (26) , 32% identical to the Shigella virulence protein Spa24 (Fig. 5B) (66) , and 33% identical to SpaP from Salmonella typhimurium (Fig.  5B) (24) . In these pathogenic organisms, the FliP homologs have been shown to be required for virulence or are contained in operons involved in virulence (24, 26, 65) . The predicted amino acid sequence of orfX has a region of high hydrophobicity at the amino terminus of the protein as well as significant hydrophobicity within the central portion of the protein (not shown). This pattern of hydrophobicity is strikingly similar to that of the Erwinia MopB (47) and E. coli FliO (40) proteins. The region of high hydrophobicity at the amino termini of these proteins may function as a membrane anchor. The E. coli and C. crescentus FliP homologs also have similarly conserved regions of hydrophobicity (not shown). On the basis of the hydropathy plot, it has been suggested that FliP may be an integral membrane protein (40) . The major difference between the C. crescentus and E. coli homologs lies in the amino terminus, where C. crescentus FliP possesses many residues not present in the E. coli sequence (Fig. 5B) . The E. coli FliP protein also possesses a transmembrane targeting signal sequence (40) which is not apparent in the C. crescentus homolog (Fig. 5B) .
Mapping the 5 end of the fliP operon mRNA. The C. crescentus class II flagellar genes have unique promoter sequences (14, 57, 59, 62, 72, 73) . To identify the promoter region of orfX-fliP, we used an S1 nuclease protection assay (5) to determine the 5Ј end of the orfX-fliP transcript (Fig. 6) . The 328-bp probe was labeled at an AflII site that lies within the orfX coding sequence (Fig. 4 and 6A) . The S1 nuclease reaction was performed on samples containing various concentrations of C. crescentus RNA (Fig. 6B) . To precisely define the end of the protected probe, a dideoxy DNA sequencing reaction was performed with a primer with the same 5Ј end as the labeled DNA probe (Fig. 6A) . In all cases, a single protected band corresponding to a DNA fragment 202 nucleotides in 
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fliP EXPRESSION IN C. CRESCENTUS 3661 length was observed (Fig. 6B) . The length of the protected fragment indicated a start site of transcription that was 130 bp from the 5Ј HindIII site and 60 bp from the orfX initiation codon (see also Fig. 4) . The Ϫ35 and Ϫ10 promoter sequences indicated from these data are shown in Fig. 4 and 6C. Comparison of the Ϫ35 and Ϫ10 sequences of the fliP operon with those found upstream of other early class II genes shows some distinctive differences (Fig. 6C) . The proposed orfX-fliP promoter sequence does not conform to the highly conserved (47) , and the C. crescentus Orf-1 (CcOrf1) putative amino acid sequence. orf-1 is located adjacent to the C. crescentus fliQR operon (73) (see text for details). Sequences were aligned. The OrfX sequence is 28% identical and 54% similar to the Erwinia MopB sequence. (B) Comparison of the putative C. crescentus FliP (CcFliP) protein sequence with that of E. coli FliP (EcFliP) (40) , Orf2 from the plant pathogen X. campestris pv. glycines (XcOrf2) (26), Spa24 from Shigella flexneri (SSpa24) (66) , and SpaP from S. typhimurium (StSpaP) (24) . The E. coli protein has 45% identity and 68% similarity with C. crescentus FliP. The C. crescentus FliP sequence is 41% identical and 64% similar to the predicted sequence of Orf2. FliP possesses 32% identity to Shigella Spa24 and 34% identity to Salmonella SpaP and is 68% similar to Spa24 and 59% similar to SpaP.
and fliF operons (14, 62, 72, 73) . Furthermore, the Ϫ35 to Ϫ10 region of orfX-fliP also does not match the 28 -like promoter sequence upstream of the class II flhA gene (57, 59) . There is, however, a conserved sequence element near the Ϫ35 region of both flhA and orfX-fliP. The sequence -GGTTAA-is located at Ϫ35 bp from the start site of the orfX-fliP transcript and Ϫ43 bp from the flhA start site (Fig. 6C) (57, 59 ). This sequence is also present in the fliQR promoter region (73) . Deletion of the AA dinucleotide from the flhA promoter region resulted in a decrease in transcription, demonstrating that this sequence is a critical promoter element for flhA transcription (59) .
Temporal and spatial expression of the orfX-fliP operon. The genes encoding the earliest flagellar structures, as well as those gene products required for flagellum assembly, are expressed early in the C. crescentus cell cycle shortly following the initiation of DNA synthesis (reviewed in references 7 and 19). We therefore wanted to test whether orfX-fliP was also expressed under cell cycle control. To accomplish this, a transcription fusion to a promoterless lacZ reporter gene was constructed by ligating a 686-bp HindIII-PvuII fragment (Fig. 4) upstream of lacZ in plasmid placZ/290, creating plasmid pMJZ0.6. The HindIII site is 130 bp upstream of the orfX-fliP start site, and the PvuII site is located 558 bp within the fliP coding region (Fig. 4) . The resulting fusion generated approximately 2,500 U of ␤-galactosidase activity in wild-type C. crescentus NA1000 (not shown). To assay cell cycle expression, a synchronized population of swarmer cells containing this fusion was isolated. The swarmer cells were suspended in fresh medium and permitted to proceed through the cell cycle. At various times thereafter, proteins were pulse-labeled with 35 STrans-Label, the label was chased, extracts were prepared, and the labeled ␤-galactosidase was immunoprecipitated. The expression of the orfX-fliP-lacZ reporter fusion was under cell cycle control (Fig. 7) . Expression began relatively early in the cell cycle at the 60-min time point, shortly following the time when DNA replication initiates. Expression peaked in predivisional cells and then declined to a barely detectable level when the cells began to divide. This pattern of expression is similar to that of other early class II genes such as fliQR, fliLM, and fliF (14, 57, 59, 62, 68, 72, 73) .
The expression of some flagellar genes is restricted to either the swarmer or stalked pole of the predivisional cell. For example, the expression of flagellar genes that encode external structures is limited to the swarmer pole of predivisional cells late in the cell cycle (18, 21) . Conversely, the expression of the class II fliF operon occurs primarily in the stalked pole at this point of time in the cell cycle (18, 68) . We tested whether orfX-fliP expression was subject to spatial regulation. Cells containing the lacZ reporter fusion, pMJZ0.6, were synchro-FIG. 6. S1 nuclease mapping of the 5Ј end of the orfX-fliP mRNA. (A) Schematic diagram of orfX-fliP DNA. An end-labeled probe for S1 nuclease analysis of the 5Ј end of the orfX-fliP mRNA was prepared by digesting first with AflII, end labeling with 32 P by using polynucleotide kinase, and then digesting with HindIII. The probe was purified following PAGE. nt, nucleotides. (B) Denaturing PAGE gel of S1 nuclease analysis. The first four lanes show the products of a dideoxy sequencing reaction that used a primer with the precise 5Ј sequence as the labeled end of the S1 nuclease probe. The numbered lanes contained labeled probe alone (lane 1), labeled probe plus 50 g of yeast tRNA, and labeled probe hybridized to 60, 40, and 20 g of C. crescentus total RNA (lanes 3, 4, and 5, respectively). Undigested probe is 332 nucleotides in length (not shown on gel). nized and allowed to progress through the cell cycle to the late predivisional stage. Cellular protein was labeled with 35 STrans-Label, the label was chased, and the cells were allowed to divide. Following division, the progeny swarmer and stalked cells were isolated by centrifugation through Ludox LS, and labeled ␤-galactosidase was immunoprecipitated from extracts prepared from each population. The presence of labeled ␤-galactosidase in either progeny cell type is an indicator of the spatial location of expression in the predivisional cell at the time of labeling. This type of experiment has been used to successfully assay the pole-specific expression of a large number of Caulobacter promoters (18, 21, 68, 72, 73) . The orfX-fliP promoter is apparently expressed in both poles of the predivisional cell. Approximately equal levels of labeled ␤-galactosidase were present in the progeny swarmer and stalked cells following division (Fig. 8A) . This pattern of expression is different from that of the fliF operon but is similar to that of the class II fliQR and fliLM operons, which are expressed in both poles of the Caulobacter predivisional cell (72, 73) .
Most of the gene products that are required for motility in C. crescentus are positioned in the swarmer compartment of the predivisional cell (18, 23, 38, 70) . One notable exception is FliL, which is required for flagellar biogenesis but is found evenly distributed throughout the cytoplasmic membrane (28) . The spatial expression pattern of the orfX-fliP promoter prompted us to test whether FliP was localized to the swarmer cell compartment. A FliP::LacZ protein fusion was constructed. To accomplish this, the stop codon of fliP was replaced with a BamHI restriction site by using site-directed mutagenesis and cloned into pJBZ280 to create an in-frame fusion with codon 8 of lacZ. Cultures of cells containing this fusion were synchronized; after one round of cell division, the progeny swarmer and stalked cells were separated, and cell extracts were immunoblotted with an anti-␤-galactosidase antibody. The FliP::LacZ fusion protein was detectable in both swarmer and stalked cell fractions (Fig. 8B) . However, substantially more FliP::LacZ was present in the progeny swarmer cells even though transcription occurred at equal levels in both compartments of the late predivisional cell. This result suggests that FliP synthesized in the early predivisional cell is targeted to the swarmer compartment. Consequently, in the late predivisional cell when expression in both poles is equivalent, the swarmer cell compartment possesses a greater complement of FliP protein.
DISCUSSION
The fliP gene is required for normal cell division. The expression and assembly of flagellar components in C. crescentus must be coordinated with cell cycle events to ensure that each progeny swarmer cell possesses a flagellum. The temporal expression of flagellar genes is generally thought to be regulated both by cell cycle cues and by the assembly of the flagellum itself. Here we report the characterization of orfX-fliP, an early flagellar locus of C. crescentus. Several Tn5 insertions in this region of the genome resulted in nonmotile cells as well as a cell division defect. One of the Tn5 insertions (SC1048) disrupted the coding region of the fliP gene, indicating that FliP is required for normal division. The cell division defect is a hallmark of Caulobacter cells containing mutations in early flagellar genes (6, 14, 72, 73) . The defect is characterized by long, often filamentous cells with constrictions along the length of the cell. The constrictions most likely represent the site of an aborted cell division event where the cell has pinched in but separation of the progeny cell types has failed to occur. We speculate that the inhibition of cell division observed in class II mutants is the consequence of a developmental checkpoint that couples early flagellar morphogenesis to a late event in cell division. Cell division in this case may be regulated by the known inhibitors of septum formation in bacteria, such as SulA, DicB, or the Min system (reviewed in reference 11).
Sequence analysis of orfX-fliP. The orfX-fliP region contains two predicted open reading frames. The first, orfX, is predicted to encode a protein that is most similar to MopB of Erwinia carotovora. In Erwinia carotovora, mopB is located within an operon that is required for both motility and virulence (47) . MopB is also similar to another putative flagellar protein in C. crescentus. The coding sequence for this protein is located adjacent to the Caulobacter flagellar fliQR operon (73) . Interestingly, located downstream of mopB in Erwinia carotovora is mopC, which is predicted to encode the Erwinia homolog of FliP (47) . In Erwinia carotovora and E. coli, the flagellar genes fliP, fliQ, and fliR are contained within a single operon (40, 47) .
The C. crescentus fliP homolog lies immediately downstream of orfX. The C. crescentus gene is highly homologous to the fliP homolog of E. coli. The predicted amino acid sequence of FliP from both of these organisms is similar to that of a virulence protein found in both plant and animal pathogens. The FliP homolog of the plant pathogen X. campestris pv. glycines is required for virulence on soybean plants (26) . Furthermore, S. typhimurium strains containing insertions in the spaP homolog S-Trans-Label, the label was chased, and the cells were allowed to divide. Following division, the progeny swarmer and stalked cell types were separated by centrifugation through Ludox LS. Extracts were prepared, and the labeled ␤-galactosidase was immunoprecipitated with an anti-␤-galactosidase antibody. The immunoprecipitated protein was then subjected to SDS-PAGE and visualized in the dried gel by using fluorography. The swarmer and stalked fractions are depicted by a schematic drawing. Labeled ␤-galactosidase is indicated. A control experiment using an antiflagellin antibody showed a preferential distribution of flagellin in the swarmer fraction (not shown). (B) FliP is preferentially segregated to progeny swarmer cells. A FliP::LacZ protein fusion was constructed by replacing the translation stop in fliP with a BamHI site. The entire gene, including the promoter sequences, was then cloned upstream of a lacZ gene lacking an ATG initiation codon, creating an in-frame fusion of FliP and LacZ. Cells harboring this protein fusion were synchronized and allowed to progress through the cell cycle. Following division, the progeny swarmer and stalked cells were separated, and extracts were subjected to SDS-PAGE. The protein were transferred to nitrocellulose, and immunoblotting was performed with an anti-␤-galactosidase antibody. The swarmer and stalked fractions are depicted by a schematic drawing, with ␤-galactosidase indicated.
of fliP possess a reduced capacity to invade cultured epithelial cells (24) . The spa genes of both Shigella (66) and Salmonella (24) species are located in clusters that contain homologs of other early flagellar genes, including fliI, fliN, fliQ, fliR, and the closely linked homolog of flhA. Homologs of these genes have also been identified either as virulence determinants or as genes closely associated with virulence genes in Yersinia spp. (reviewed in reference 63) and several other plant pathogens. Experimental evidence indicates that the proteins encoded by these genes are components of a secretory pathway that functions to export virulence factors which lack amino-terminal signal peptides (43, 44) . Therefore, it is likely that the homologs of these proteins function in flagellar biogenesis to export axial flagellar proteins such as the components of the rod, hook, and filament. In support of this idea, recent experiments with C. crescentus have demonstrated that the flhA gene is required for the efficient export of hook protein (35) .
Temporal expression pattern of orfX-fliP. The orfX-fliP promoter is expressed under cell cycle control, with peak transcription occurring approximately halfway through the cell division cycle. This pattern of expression is almost identical to that observed for other class II flagellar genes (14, 57, 59, 62, 65, 68, 72, 73) , suggesting that orfX-fliP transcription may be controlled by the same regulatory elements. The expression of several class II promoters increases in class II flagellar mutants, indicating that transcription may be subject to autoregulation (52, 65, 68, 71) . Likewise, the expression of the orfXfliP-lacZ transcriptional fusion (pMJZ0.6) increases slightly when assayed in strains containing mutations in class II flagellar genes, including fliLM, fliQR, and flhA (data not shown). This result, in conjunction with the requirement of FliP for class III and IV gene expression, places fliP at the class II level of the flagellar hierarchy.
The orfX-fliP promoter region shares some sequence similarity with other class II promoters but differs significantly in many respects (Fig. 6C) . In addition to orfX-fliP, four different class II flagellar promoters have been mapped (57, 59, 65, 72, 73) . Three of these, the fliQR, fliLM, and fliF operon promoters, share many conserved elements (62, 65, 72, 73) , as defined experimentally through site-directed mutagenesis (62, 65, 73) . The conserved sequence elements as determined by these experiments are shown in Fig. 6C . The similarity between these promoter sequences and the lack of homology with other bacterial promoters have led to the hypothesis that this region contains the recognition sequence for a novel sigma subunit of RNA polymerase tentatively named R (62) . The orfX-fliP promoter region contains some of the elements required for transcription of R promoters, notably the sequence -AACnear the Ϫ35 region and -GTTAA-at Ϫ32 bp (Fig. 6C) . The flhA promoter sequence, which has similarity to sequences of 28 promoters, also contains the -GTTAA-element just upstream of the Ϫ35 region (57, 59) . Both of these sequences are necessary for transcription of fliQR, fliLM, and fliF promoters, but the spacing between these elements is conserved and in the case of fliF is required for maximal levels of transcriptional activity (65) . It is possible that the putative R subunit possesses some degree of flexibility in the DNA sequences that it can recognize. Alternatively, the orfX-fliP promoter is regulated by additional transcription factors. In the current model for temporal regulation of class II promoter expression, a positive regulatory element such as an alternative sigma factor is synthesized under cell cycle control, which in turn would result in the timed transcription of early flagellar promoters. An alternative possibility, however, is that these promoters are also controlled by a trans-acting negative regulatory element that recognizes some of the same conserved sequences that are essential for promoter activity. This could be an equally plausible explanation in light of the fact that three different promoter types contain the same conserved sequence element (-GTTAA-) overlapping with the Ϫ35 to Ϫ10 region but at different locations relative to the transcription start site (Fig.  6C) . Extensive mutagenesis of the orfX-fliP promoter region, as well as genetic and biochemical experiments that lead to the identification of the trans-acting factors that bind to these promoters, will be required to resolve whether this sequence functions as a positive or negative control element.
Spatial expression of orfX-fliP. Late in the cell cycle, the orfX-fliP promoter is apparently transcribed in both poles of the predivisional cell. The fliQR and fliLM promoters are regulated similarly (72, 73) , indicating that the transcriptional regulatory factors controlling expression of these promoters are available in both poles of the cell. The products encoded by these three operons are presumably required for continuing flagellar biogenesis in the swarmer pole of the predivisional cell. In contrast, the early class II fliF operon promoter is specifically repressed in the swarmer pole of the predivisional cell (68) . Polar repression is accomplished by the binding of the 54 transcriptional activator FlbD to the fliF promoter region (3, 4, 48, 68) . Purified FlbD does not bind to the orfX-fliP promoter region (69), nor is orfX-fliP transcription increased in flbD mutant cells (not shown). The fact that fliF is the only known early flagellar promoter that is repressed in the swarmer pole possibly indicates that expression at this location would have a specific detrimental effect on continuing flagellar biogenesis or the expression of late flagellar genes.
Even though the orfX-fliP promoter is expressed in both poles of the predivisional cell, a FliP::LacZ protein fusion was preferentially found in progeny swarmer cells. This finding indicates that FliP expressed in early predivisional cells is probably targeted to the pole of the cell that is opposite from the stalk. It is at this pole that the flagellum is assembled, suggesting that FliP may be a component of the flagellum. In support of this view, a protein similar in molecular weight to the predicted FliP polypeptide has been detected in preparations of partial flagellar basal bodies from S. typhimurium (31) , raising the possibility that FliP is a component of the basal body. In contrast, not all early class II gene products are targeted to the swarmer pole. For example, the product of the fliL gene, while required for flagellar biogenesis, is distributed evenly throughout the membrane of the Caulobacter predivisional cell (28) .
